The phase transition of natural and synthetic ilmenite during oxidation by Cl 2 at 390-560 C was characterized. The ilmenite phase was converted to crystallographic shear (CS) phases during the oxidation. One third of the Fe 2þ in the ilmenite phase was converted to FeCl 3 . The remaining Fe 2þ was oxidized to Fe 3þ in the CS phases. The CS phase obtained from synthetic ilmenite was the Fe 2 Ti 3 O 9 (M 5 O 9 ) phase. A small amount of Mg 2þ impurity in natural ilmenite caused the resulting structure to be the M 13 O 23 structure when it was oxidized to the CS phase at temperatures up to 490 C, with the M 5 O 9 structure also formed at temperatures above 540 C. The presence of Mg 2þ was crucial in determining the particular structure of the CS phase and its thermal stability. These observations provide a useful way to get an oxidation product with a particular structure of the CS phase. They showed that there can be significant effects on the phase transition and thermal stability of the products from the presence of an impurity element.
Introduction
Natural ilmenite is commonly used as a raw material for producing titania pigment and Ti metal. An oxidation treatment is commonly used as a mineral processing method to modify the phase of ilmenite material for further utilization. [1] [2] [3] [4] [5] [6] The phase transition when the Fe 2þ in ilmenite is oxidized to Fe 3þ has been investigated by a number of researchers.
For the high temperature reaction of ilmenite with oxygen above 900 C, pseudobrookite and rutile are the equilibrium products. 1, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] At moderate and low temperatures, the phase transition product is determined by the oxidation medium and synthesis method. During electrochemical corrosion of ferrous ilmenite, pseudorutile is the oxidation product. [17] [18] [19] [20] [21] This can also be obtained by hydrothermal synthesis. 20) Rutile, haematite, and a series of ferric titanates with crystallographic shear (CS) structures can be formed together during the oxidation of ilmenite in dry oxygen or air. 3, [9] [10] [11] [12] [13] [14] [15] [16] [17] 22) The CS phases can be preferentially synthesized by the high energy ball milling method or fast annealing. 15, 16) Chlorine gas (Cl 2 ) is another potential oxidation medium and is widely used in chlorination metallurgy. However, the oxidation of ilmenite with Cl 2 has not been sufficiently investigated. In this study, experiments and characterization were carried out to investigate the phase transition of ilmenite during oxidation by Cl 2 .
Material and Experiment
Both pure synthetic ilmenite and natural ferrous ilmenite were used as reactants. The synthetic ilmenite was provided by Alfa Aesar. This material was a fine and porous powder with a FeTiO 3 purity higher than 99.8%. The natural ilmenite used was supplied by Panzhihua Iron & Steel Co. (China). It has the chemical composition shown in Table 1 . The x-ray powder diffraction characterization of this ilmenite showed the standard diffraction data of synthetic ilmenite (Fe 2þ TiO 3 , PDF No. 29-0733). The ilmenite particles were sieved, washed and dried at 100 C before the experiments. Three sieved samples of natural ilmenite were used. The mesh sizes were 100 to 120 mesh, 150 to 180 mesh, and 200 to 300 mesh. The average diameters were 167.8 mm, 92.3 mm, and 59.9 mm, respectively.
The experiments were carried out in a tubular quanz tube reactor with an inner diameter of 8 mm. Ilmenite samples loaded in the reactor were heated to the required oxidation temperature in an Ar atmosphere. Then Cl 2 (9.1 kPa, diluted with Ar) was flowed in to react with the ilmenite for a specific time. The oxidized samples were digested in a HCl/HF solution in N 2 atmosphere and the content of Fe 2þ was measured by redox titration to calculate the oxidation conversion of Fe 2þ . During oxidation, gaseous FeCl 3 was produced. The FeCl 3 was collected in a condenser outside the reactor and its amount was measured by spectrophotometry. The weight lost of the sample was also recorded. The yield of FeCl 3 was the ratio of the molar quantity of FeCl 3 to that of FeO in the ilmenite reactant.
X-ray diffraction (XRD) analyses were carried out on a Rigaku 2500 diffractometer with Cu K radiation. High resolution TEM characterization was carried out on a JEM 2010 microscope with an EDS microanalysis system supplied by Oxford Instruments. The EDS system was calibrated before analysis. SEM photos were obtained on a JSM-7401 microscope. The amount of chlorinated Mg was determined by plasma atomic emission spectroscopy (ICP-AES, ICP Profile spectrometer, Leeman).
Results and Discussion

Oxidation of synthetic ilmenite
As a reference study, the oxidation of synthetic ilmenite with Cl 2 was conducted to investigate the phase transition Table 2 . Redox titration analysis showed that most of the Fe 2þ was oxidized after 60 min reaction. Along with the oxidation of Fe 2þ , FeCl 3 was generated as a gaseous product, and the sample lost weight. It was determined that the yield of FeCl 3 was always one third of the Fe 2þ conversion. This was because O 2À ions cannot be replaced by Cl À below 600 C. 23, 24) Two third of the Fe 3þ remained in combination with O 2À to meet the charge balance in the oxide lattice. The weight loss determined was in good agreement with the measured amount of Fe 3þ chlorinated. Therefore, the oxidation conversion of Fe 2þ can be obtained from the FeCl 3 yield. Since this indirect measurement method was more accurate than the redox titration, it was used to analyze the oxidation conversion in the following. TiCl 4 was not detected in the gaseous product, which is in agreement with the chlorination of titanium oxide being thermodynamically infeasible.
The XRD patterns of the samples after oxidation are shown in Fig. 1 . Disregarding the peaks of unreacted ilmenite and weak diffraction peaks of the rutile phase, the diffraction peaks of the oxidation product was in accordance with the reference data of CS structure phases. 22, 25) The broad diffraction peaks for the sample treated at 440 C indicated its poorly ordered structure.
The homologous series of the CS structure phases can be considered as the intergrowth of M 3 O 5 (V 3 O 5 type) and M 2 O 4 (-PbO 2 type) slabs, where M represents a metallic ion. All the members of this series are based on a hexagonal close-packed (hcp) oxygen lattice with different metal atom distributions in the octahedral sites. For the Fe-Ti-O system, the formation of Fe 2 Ti 3 O 9 (PÁQ) 15, 16, 22, 26) and Fe 2 Ti 2 O 7 (2PÁQ) 3, 12, 13) has been reported during the oxidation of ilmenite with O 2 . For identifying particular homologues, the position of the XRD peak between 18.9 and 22.8 was used, which was suggested by Pownceby et al. 27) This peak is due to diffraction by the crystal plane (0; 0; nðp þ qÞ), where n ¼ 1 for p even and n ¼ 2 for p odd. Its position showed the biggest difference in the XRD pattern of the series. By this method, the structure of the synthetic ilmenite oxidized with Cl 2 was found to be close to Fe 2 Ti 3 O 9 . This had the characteristic peak at 21.65 . This result can be understood by considering that the ilmenite lattice had lost one third of the Fe ions. The reaction between synthetic ilmenite and Cl 2 is shown in eq. (1).
In order to examine the thermal stability of the Fe 2 Ti 3 O 9 phase obtained using Cl 2 , the sample after oxidization at 560 C was subsequently roasted in air. As shown in Fig. 1 C. This agrees with the report by Grey et al. 22) The low thermal stability of the Fe 2 Ti 3 O 9 phase formed with Cl 2 indicated its poorer crystallinity.
Oxidation of natural ilmenite 3.2.1 Low temperature oxidation reaction
The natural ilmenite was oxidized with Cl 2 in the temperature range from 390 to 560 C. The data are shown in Fig. 2 . The conversion of Fe 2þ was calculated from the FeCl 3 amount generated in the reaction. For some of the oxidized samples, titration analysis was also carried out, which confirmed that the yield of FeCl 3 was also one third the Fe 2þ conversion. The Cl 2 flow rate used was much in excess of the consumed amount so that the experiment results were not affected by the Cl 2 pressure change in the packed bed. At 560 C, 96% of the Fe 2þ ions were oxidized after 60 min treatment.
By applying the method developed by Flynn, 28) the activation energy E a was calculated with a kinetics model. From the slopes of the fitted lines, the average activation energy was 71 kJÁmol À1 . In contrast, the activation energy obtained by Fouga et al. for the reaction between ilmenite and Cl 2 at temperatures from 650 to 850 C was as large as 186 kJÁmol À1 . The big difference in the activation energy indicated that the reaction was different in these two temperature range. At lower temperatures, Cl 2 only oxidized Fe 2þ ions, while the chlorination of ferric oxides occurred at higher temperatures. Figure 3 shows the effect of particle size on the oxidation rate of natural ilmenite at 490 C. The oxidation rate decreased with increased particle size, esp. in the initial stage of reaction. This indicated that the oxidation reaction was diffusion controlled for gas transport through the ilmenite particle. Although the oxidation rate at 490 C was relatively lower, a high conversion of 94% could also be obtained with prolonged reaction time using a smaller sized sample (200-300 mesh).
The natural ilmenite material used in this study contained a high content of Mg, which was also partially converted to MgCl 2 during the reaction. By ICP analysis, the conversion of Mg was determined to be around 15% when the complete conversion of Fe 2þ was reached. This meant that a majority of Mg remained in the oxides to form the product phase.
Phase transition
The XRD patterns of the pristine materials and samples (150-180 mesh) treated at temperatures from 390 to 560 C for 60 min are shown in Fig. 4 . The phase transition to form CS phases also occurred with the natural ilmenite sample. Using the method described in paragraph 3.1, a different CS phase was found and assigned the structure of M 13 O 23 (3PÁ2Q), which has the characteristic peak at 21.1 . 25, 27) This was found in the oxidized samples at all the different temperatures used. In contrast, the M 5 O 9 (PÁQ) phase with the characteristic peak at 21.65 only appeared when the temperature was 540 C and higher. The rutile phase was not detected in the oxidized natural ilmenite samples. The weak peak at 18.9 indicated the presence of the geikelite phase. The other diffraction peaks of geikelite were overlapped by the ilmenite phase.
Ilmenite samples with different oxidation conversions were further analyzed to study the phase transition process. The 200-300 mesh samples treated at 490 C and 150-180 mesh samples treated at 560 C were used. The results are shown in Fig. 5(a) and 5(b) . With increased oxidation conversion, the diffraction peaks of the ilmenite phase decreased in intensity while the peaks of the CS phases became more prominent. At 490 C, only M 13 O 23 was formed. At 560 C, there was no M 5 O 9 in the product at the beginning of the oxidation, but its characteristic peak at 21.65 appeared when the conversion reached 56%. The diffraction peaks of rutile were not seen in any of the samples, even at complete oxidation. This observation indicated the CS phases were stable in a Cl 2 atmosphere at the oxidation temperatures.
Elemental composition
In this study, the elemental compositions of the pristine ilmenite materials and the oxidized samples were investigated. The most important difference between synthetic and natural ilmenite was the presence of impurity elements in the crystalline lattice. This was the key factor for the appearance of the M 13 O 23 structure obtained from natural ilmenite.
The pristine ilmenite samples were carefully ground to fine grains smaller than 1 mm and then characterized by TEM. The grains were first examined by electron diffraction to confirm that there was no impurity phase but only the ilmenite phase. Then, the ilmenite grains were analyzed by selected area EDS. The metal element compositions of both the synthetic and natural materials are shown in Table 3 . The composition of synthetic ilmenite was in good accordance of the FeTiO 3 formula. For the natural ilmenite, Mg element was observed in amounts that vary from 1.2 to 19.2% in different grains. The amounts of other impurity elements, such as Ca, Si and Al, were quite low. This indicated that Mg was the major impurity element in the ilmenite lattice, while Ca, Si, and Al mainly existed in other phases. In addition, it was noted that the sum of the Mg and Fe amounts was always significantly higher than that of Ti. Therefore, the ilmenite phase in the natural material was actually a solution of As reported above, the CS phases in oxidized natural ilmenite were M The above observations help explain the formation of the M 13 O 23 structure. Due to the presence of Mg ions in the initial ilmenite lattice, which remained during the phase transition, the structure of the CS phase was modified. In the Fe 2 O 3 -Cr 2 O 3 -TiO 2 and Cr 2 O 3 -Fe 2 O 3 -TiO 2 -ZrO 2 systems, the key effect of the elemental composition on the resulting crystalline structure of the CS phases has been shown by previous researchers. 22, 25, 27) In this study, Mg 2þ ions were shown to give a similar effect during the oxidation of ilmenite with Cl 2 . It can also be noted that the Mg 2þ content was much lower in the CS phase in the oxidized ilmenite sample. It is likely that the geikelite phase was formed to accommodate excess Mg 2þ ions. The geikelite phase was also observed in the XRD patterns, as reported in paragraph 3.2.2.
Thermal stability
The natural ilmenite samples oxidized at 490 C and 560 C until Fe 2þ conversions of 94% and 96% were subsequently roasted at 700, 800 and 900 C to study their thermal stability. The XRD patterns of the samples after roasting are shown in Fig. 7 . It can be seen that the CS phase did not decompose up to 800
C. This was the case for both the M 5 O 9 or M 13 O 23 structures. Furthermore, the diffraction peaks, especially the peak at 26.4 , were much more prominent after roasting, indicating a higher crystallinity. At 900 C, both M 5 O 9 and M 13 O 23 were converted to the pseudobrookite phase and a small amount of rutile. Thus, the thermal stability of the CS phase containing Mg 2þ was very much better than that of the Fe 2 Ti 3 O 9 phase obtained when synthetic ilmenite was oxidized by Cl 2 .
Conclusion
Ilmenite can be oxidized by Cl 2 at low temperatures. For both synthetic and natural ilmenite, one third of the oxidized C, while the M 5 O 9 phase from synthetic ilmenite decomposed to rutile and haematite at 700 C. These observations provide a useful method to obtain an oxidation product with a particular structure of the CS phase. 
